During protein synthesis, mRNA and tRNA are moved through the ribosome by the process of translocation. The small diameter of the mRNA entrance tunnel only permits unstructured mRNA to pass through. However, there are structured elements within mRNA that present a barrier for translocation that must be unwound. The ribosome has been shown to unwind RNA in the absence of additional factors, but the mechanism remains unclear. Here, we show using single molecule F€ orster resonance energy transfer and small angle X-ray scattering experiments a new global conformational state of the ribosome. In the presence of the frameshift inducing dnaX hairpin, the ribosomal subunits are driven into a hyper-rotated state and the L1 stalk is predominantly in an open conformation. This previously unobserved conformational state provides structural insight into the helicase activity of the ribosome and may have important implications for understanding the mechanism of reading frame maintenance.
Introduction
High-resolution structures of the ribosome have shown that the average diameter of the mRNA entrance tunnel (~15 A) is smaller than the average diameter of an RNA double helix (~21 A) [1] [2] [3] . Therefore, mRNA with any secondary or tertiary structures needs to be unwound in order for proper translation to continue. Certain mRNA structures, such as RNA pseudoknots, have been shown to block the mRNA entrance channel and stall the ribosome [4] . The ability to unwind RNA appears to primarily reside within the ribosome [2, 5] . The entry point of mRNA into the ribosome begins in a portion of the 30S subunit formed by proteins S3, S4 and S5 [2, 5] . Due to the presence of positively charged residues, it has been suggested that these proteins may passively unwind doublestranded RNA [2, 4] . Alternately, it may be that these proteins function as a processivity clamp [2, 5, 6] . However, the precise role that these proteins and the ribosome as a whole play in the overall mechanism of RNA unwinding has not been established.
We designed single molecule F€ orster resonance energy transfer (smFRET) experiments using fluorescently labeled ribosomes in an attempt to observe the dynamic and conformational perturbations resulting from the presence of structured RNA on intersubunit rotation and L1 stalk dynamics. Previously, we employed the same fluorescently labeled ribosome constructs in several different configurations representing states along the translocation pathway in the presence of unstructured mRNA only, which lacked higher ordered structure downstream of the ribosome [7] . To maximize any potential differences between structured and unstructured mRNA on ribosome motions, we employed a series of mRNA molecules with wild-type and mutant hairpin structures based on the highly efficient frameshift stimulating hairpin (~50% occurrence) from the dnaX gene ( Fig 1A) [8] . We subjected a similar set of ribosome complexes to small angle X-ray scattering (SAXS) experiments to monitor and compare the global conformational changes of the ribosome to results generated from the smFRET experiments.
Results

Visualization of hyper-rotated state
Fluorescently labeled E. coli ribosomes (S6(Cy5)/L9(Cy3)) were assembled on a short mRNA transcript containing a dnaX hairpin where the hairpin structure is positioned just outside the entry tunnel of the ribosome due to a 6 nucleotide linker (Fig 1A) . RNAribosome complexes were then immobilized onto the surface of quartz slides through a biotin-neutravidin interaction for visualization via total internal reflection fluorescence (TIRF) microscopy ( Fig 1B and supplementary Fig 1A and 2) . The introduction of the dnaX hairpin allows us to directly compare ribosome conformational dynamics with our previous studies where the downstream RNA sequence is predicted to be primarily unstructured [9] . The binding of the ribosome to the dnaX RNA was confirmed by fluorescence anisotropy, association of tRNA to the ribosome was verified by filter binding, and translocation efficiency was determined by a puromycin sensitivity assay (supplementary Methods, Table 1 and Fig 2C) . Also, no significant change was observed for either the quantum yields or dye anisotropy in the fluorescently labeled ribosomes used in this study (supplementary Methods).
Similar to our previously published results, S6(Cy5)/L9(Cy3) labeled ribosomes with unstructured RNA adopt two primary conformations in the presence of tRNA in the P site and/or the A site; classical/non-rotated (high FRET efficiency) and hybrid/rotated (low FRET efficiency) states (Fig 2A-C) [9] . Note that FRET histogram counts presented in this work are normalized as contrasted to those presented in our previous work (see supplementary Methods) [7, 9] . When the same labeled ribosomes were prepared with the dnaX mRNA construct and tRNA fMet , the presence of the dnaX hairpin reduced the frequency of intersubunit motion and drove the ribosome into a approximately 0.22 FRET state (compare Fig 2B and E, supplementary Fig 3A and B, and supplementary Table 2 ). Addition of N-Ac-Phe-tRNA Phe to the A site caused a reduction of the approximately 0.22 FRET state with a concomitant increase in the rotated (0.4 FRET) state (Fig 2D) . In contrast to this, the presence of fMettRNA fMet in the P site facilitated the motion of the ribosome into the non-rotated/classical state, however, the 0.22 FRET state is still apparent (Fig 2F) . This lower FRET state (~0.22) (Fig 2D-F [10] [11] [12] [13] . This FRET state was not observed with ribosomes prepared with unstructured mRNA and has not been reported to date (Fig 2A-C) [9] .
3' Table 2 ). To confirm that this is indeed an authentic conformation of the ribosome and does not just arise from donor only molecules, we prepared S11(Cy5)/L9(Cy3) labeled ribosomes with the same dnaX containing mRNA and tRNA fMet . In previous studies, FRET changes arising from this construct were shown to anti-correlate with the S6/L9 labeled ribosomes since S6 and S11 are on opposites sides of L9 at the subunit interface (supplementary Fig 1A) [14] . If the approximately 0.22 FRET state observed with the S6(Cy5)/L9(Cy3) ribosomes represents a hyper-rotated state, we would expect a higher FRET state to emerge with the S11(Cy5)/L9(Cy3) ribosome construct. As expected, we observed an additional high FRET signal at approximately 0.8 (supplementary Figs 3E and F, 4A and B).
EMBO reports
To further characterize the extent to which the dnaX hairpin influences the conformational dynamics of the ribosome, a series of dnaX hairpin mutants were made. The dnaX U9U10U11 mutant maintains the structure of the stem region but moves the hairpin structure three nucleotides away from the ribosome by insertion of 3 uracils between position +8 and +9 in the original dnaX hairpin construct ( Fig 1A) . We prepared this construct with S6(Cy5)/L9(Cy3) labeled ribosomes and tRNA fMet and N-Ac-Phe-tRNA Phe in the P and A site, respectively. Interestingly, a nearly complete reduction of the low FRET population was observed ( Fig 3A) . This result suggests that an additional three nucleotide spacer places the hairpin too far from the ribosome to allow for any productive interactions between the ribosome and hairpin structure consistent with a previous report by the Noller group [2] . Indeed, upon a single step of translocation with elongation factor G (EF-G) and GTP moving the hairpin closer to the ribosome, the low FRET state was restored (Fig 3B) . To disrupt the secondary structure of the dnaX hairpin, two mutants (dnaX C13AC14A and dnaX D29-40 ) were constructed ( Fig 1A) . Ribosomes prepared with these constructs and either P-site only or P-site and A-site tRNA exhibited a reduction in the population of the 0.22 FRET state (Fig 3C-E) . Finally, a DNA oligo (1 lM) complementary to the downstream, unstructured region of m291 (+13 to +27) was added to imaging buffer and introduced to the same ribosome sample as in Fig 2A ( Fig 2D) . Two other oligos starting at +14 and +15 were also introduced to m291 (supplementary Fig 4E and F) . While the approximately 0.22 FRET state was still apparent with the +14 construct, it was predominantly absent with the +15 oligo with only occasional formation of the 0.2 FRET state suggesting this is too far from the ribosome to induce stable hyper-rotated state formation (supplementary Fig 3G) . These results collectively indicate that only when structured mRNA is positioned in the mRNA entrance tunnel that the ribosome is forced into the hyper-rotated state. The presence of the hyper-rotated state is independent of the identity of tRNA present in the P site (supplementary Fig 4C and D) . A reduction in the frequency of intersubunit motion was observed when structured mRNA was present whether ribosomes were prepared in the pre-or post-translocation state (supplementary Table 2 ). Previously, we observed frequent intersubunit motion in the absence of structured mRNA when ribosomes were prepared in the pre-translocation state with tRNA fMet in the P site, but not in the post-translocation state with fMet-tRNA fMet in the P site [9] . These results likely indicate that structured mRNA increases the energy barrier for the ribosome subunits to transition among the various conformational states. Indeed, there appears to be a negative correlation between percent occupancy of the hyper-rotated state and the number of traces that exhibit fluctuations for the +13, +14, and +15 DNA constructs (supplementary Table 2 ). While further investigation is required on this last point, it is clear that a substantial change is induced by structured mRNA on the equilibrium among these states (hyper-rotated, rotated, and non-rotated).
Visualization of L1 stalk dynamics
The influence that the dnaX hairpin has on the conformational dynamics of the L1 stalk was also investigated. The L1 stalk is known to be important in translocation by interacting with the elbow region of deacylated tRNA and assisting in the release of E-site tRNA [7, 15] . Similar to our previous experiments, we found that the L1 stalk of L1(Cy5)/L33(Cy3) fluorescently labeled Table 2 ). (Fig 4A) [7] . We have shown here that the presence of the dnaX hairpin reduces the frequency of intersubunit rotation (supplementary  Fig 3B and D and supplementary Table 2 ). However, the L1 stalk of ribosomes containing tRNA fMet in the P site with the dnaX hairpin RNA is still mobile as indicated by FRET traces (Fig 4B) similar to what was observed with EF-G bound to the ribosome [16] . Interestingly, in contrast to the FRET distribution of the L1 stalk in the presence of unstructured RNA (high FRET state~0.6) (Fig 4C) , the L1 stalk in hyper-rotated ribosomes exists primarily in the open conformation (low FRET state~0.4) (Fig 4D) . We observed two distinct behaviors of L1 stalk dynamics and intersubunit rotation, which may indicate that intersubunit ratcheting and L1 stalk motion have different contributions in tRNA translocation and dynamics of tRNA. Further experiments are necessary to investigate this in greater detail.
Structural changes inferred from small angle X-ray scattering (SAXS)
Structural changes induced by the presence of the dnaX hairpin were also studied using SAXS. Four different constructs and free 70S ribosomes were chosen to relate differences in SAXS to intersubunit rotation in hopes that a clear pattern or relationship would emerge. Wild-type ribosomes were initiated with either (Complex 1) m291 and N-Ac-Phe-tRNA Phe in the P-site (~80% non-rotated), (Complex 2 and 3) m291 or dnaX U9U10U11 and tRNA fMet in the P site (Fig 2B and 3A) (~70-80% rotated), and (Complex 4) dnaX hairpin RNA with tRNA fMet (~70% hyper-rotated) (Fig 2E) [9] . The SAXS profiles for these constructs are shown (Fig 5A) . The shapes and peak positions of the SAXS profiles are similar, and when normalized at low q values, the SAXS profiles superimpose well in the displayed q range indicating a similar global shape. However, the intensity of the first SAXS peak at q of 0.04-0.06 A À1 changed among the constructs (supplementary Fig 5A) . The data from free 70S ribosomes were subtracted from each of the other constructs to emphasize the differences among the data (DI(q)) (Fig 5B) . This intensity change would not arise from the mRNA construct mass addition since the size difference is negligible compared to the size of the 70S ribosome, but correlates well with inter-subunit rotation. Non-rotated/ classical state ribosomes (Complex 1) display the highest degree of similarity to free 70S ribosomes. This is followed by rotated/hybrid state ribosomes (Complex 2 and 3). Note that Complex 3 overlaps perfectly with Complex 2 while still containing the dnaX hairpin, yet it is too far from the ribosome to induce hyper-rotation as indicated by our smFRET data (Fig 3A) . Finally, hyper-rotated ribosomes (Complex 4) have the largest degree of change relative to free 70S ribosomes. Thus, these data are consistent with the observation of a large-scale structural change in the ribosome and exhibit strong correlation between differences in SAXS intensity and intersubunit rotation angles (Figs 2 and 5 ).
To support our supposition that the first SAXS peak, 0.04-0.06 A À1 , reports directly on intersubunit rotation, theoretical SAXS profiles were calculated using the program CRYSOL [17] for both the non-rotated state (3R8O and 3R8T) and the rotated state (3R8N and 3R8S) of the E. coli ribosome (supplementary Fig 5B) [11] .
Within the q range of 0.04-0.06 A À1 , the differences between the curves correlate with the degree of rotation of the 30S subunit similar to what was observed in the experimental data ( Fig 5B and  supplementary Fig 5C) . Additionally, the small subunit of the ribosome was manually rotated AE 15°relative to the large subunit (supplementary Fig 5D) . CRYSOL was used to calculate I versus q plots based on these structures and resulted in the same pattern as in the experimental data; a decrease in I in the range 0.04-0.06 A
À1
correlates with an increase in rotation angle (supplementary Fig 5E) .
Discussion
The combination of our smFRET and SAXS experiments exhibit unambiguous support for the observation of a new hyper-rotated state of the ribosome in the presence of structured nucleic acid downstream of the ribosome's mRNA entrance tunnel. While large bodies of structural studies have been performed on the ribosome from various organisms, very few reports have been published specifically detailing the conformational changes in the ribosome that result from the presence of structured mRNA. In one study, a Table 2 ).
Data information: Traces in (A) and (B) show fluorescence intensities observed for Cy3 (green) and Cy5 (red) with the calculated FRET trace in blue.
EMBO reports Vol 15 | No 2 | 2014 ª 2014 The Authors pseudoknot derived from infectious bronchitis virus (IBV) bound to mammalian 80S ribosomes was investigated by cryo-EM [4] . The ribosomes in this complex were suggested to remain in the rotated/ hybrid state, which is different from our result. However, it is possible that mammalian ribosomes have a different mechanism for RNA unwinding or it may be due to the presence of eEF2 bound to the ribosome in that structure. Our previous single molecule studies have shown that the ribosome can spontaneously fluctuate between just two rotational states with FRET values of 0.4 and 0.56 [9] , which corresponds to the rotated and non-rotated state consistent with cryo-EM and X-ray studies [10, 18] . Other structural studies have shown slight differences in the intersubunit rotation angle (4-10°), which have depended on the source of ribosome, the types of binding ligands, and the method of structure determination [3, [18] [19] [20] [21] . In this study, we found a new stable state with a FRET value of 0.22 as a result of the presence of an RNA hairpin, which has not been observed in our previous study with unstructured mRNA (m291 and m301) or other single molecule studies [9, 22, 23] . This lower FRET state (0.22) represents a further rotation (~22°) that separates the distance between the two fluorescent dyes. For these reasons, we propose, based on our smFRET and SAXS data, that this observation is different from all previous structural and single molecule studies.
Translocation and RNA unwinding are strictly coupled ribosomal functions [2, 24] . The ribosome was shown to open three base pairs for each translocation cycle in a model where thermal fluctuations bias RNA towards an open state and mechanical force pulls RNA strands apart [5] . Our results suggest a possible mechanism for the role of ribosomal conformational dynamics in the helicase process. Upon hyper-rotated state formation, the mRNA is pulled further into the ribosome and held stably in this configuration. Ribosomal proteins S3, S4, and S5, which are positively charged, line the mRNA entrance tunnel [2] . Interactions between these proteins and RNA structure may thus provide the bias towards unwinding of RNA [5] . Since the frequency of intersubunit rotation is reduced in the presence of structured mRNA (supplementary Table 2 ), it is unlikely that this motion would provide the mechanical force necessary to pull apart RNA as in the Tinoco model [5] . Therefore, it may be that 30S head motion plays a crucial role in unwinding [25] . It is worth noting that S3 is located on the head and S4 and S5 on the body potentially setting up the role of head motion in grabbing RNA with proteins S3, S4, and S5 and pulling it apart. Indeed, Cryo-EM studies of the mammalian ribosome show different conformations of the 30S subunit in the presence of structured mRNA [4] . However, the precise role of the 30S head demands further study to completely describe its role in unwinding.
The L1 stalk of the ribosome is close to the E site and is important for tRNA movement and release from the ribosome [26] . Several groups have shown that there is a correlation between reading frame maintenance and E-site tRNA [27, 28] . In some cases, the presence of tRNA in the E site has been shown to prevent frameshifting [28] . Our results have shown that in the hyper-rotated state the L1 stalk is forced into an extended, open configuration (Fig 4) . This would preclude stable interactions forming between tRNA in the E site and the L1 stalk. While further experiments are necessary, it is tempting to speculate that restructuring of the L1 stalk in the hyper-rotated state has an influence on frameshifting efficiency.
Materials and Methods
More detailed procedures can be found in supplementary Methods. Fluorescently labeled ribosomes were prepared as previously described [9, 29] . smFRET data were acquired using a home-built TIRF microscope. The relative occupancies in the various FRET states, as well as their rates of interconversion, were determined using established techniques including hidden Markov modeling (HMM) procedures [9] . SAXS data were collected at Beamline 12ID-B of the Advanced Photon Source (APS) at Argonne National Laboratory. Scattered X-ray intensities were measured using a Pilatus 2M detector (DECTRIS Ltd). The sample-to-detector distance was set such that the scattering angle of momentum transfer (q) of the SAXS experiments was 0.009-0.65 A À1 . A flow cell with a cylindrical quartz capillary with a diameter of 1.5 mm and a wall of 10 lm were used to reduce radiation damage. The X-ray beam with a size of 0.07 × 0.20 mm, was adjusted to pass through the center of the capillary. The A The SAXS profiles (I(q) versus q) of ribosome complexes with different RNA molecules as indicated. The SAXS profiles were vertically offset for clarity, otherwise, well superimposed in the displayed q range. The scattering intensity is displayed in the logarithmic scale. B The scattering intensity difference (DI(q)) against data of the free ribosomes for the same complexes as in panel (A). The SAXS profiles were normalized (supplementary Fig 5A) before doing the subtraction. The scattering intensity is in the linear scale. A free ribosome sample was used as the reference and appears on the abscissa (black line).
exposure time was set to 2 s to avoid detector saturation and radiation damage. The scattering signal of the complexes was obtained by subtracting the scattering of the matching buffer from that of the sample solution.
Supplementary information for this article is available online: http://embor.embopress.org
